We determined regional cerebral blood flow (rCBF) using [ T he promise of single-photon emission computed tomography (SPECT) for the quantification of cerebral metabolism has resulted in the development of new brain-seeking radiopharmaceuticals. 1 The diamine compound N,N,N'-trimethykN '-(2 -hydroxy-3 -methyl-5 -iodobenzyl)-1,3-propanediamine (HIPDm) has recently been used as a radioisotope tracer to study cerebral blood flow using SPECT.
T he promise of single-photon emission computed tomography (SPECT) for the quantification of cerebral metabolism has resulted in the development of new brain-seeking radiopharmaceuticals. 1 The diamine compound N,N,N'-trimethykN '-(2 -hydroxy-3 -methyl-5 -iodobenzyl)-1,3-propanediamine (HIPDm) has recently been used as a radioisotope tracer to study cerebral blood flow using SPECT. 2 -4 The mechanism by which HIPDm is deposited within the brain remains unknown. One proposed mechanism is that radiolabeled diamines, such as HIPDm, are metabolically "trapped" within the brain as a result of the "pH partition" between blood and brain. 56 In the blood, diamines are neutral, lipid-soluble, and pass readily through the blood-brain barrier (BBB). In the brain, with lower extracellular pH (pH e = 7.33) and intracellular pH (pHi = 7.0), diamines become ionized, non-lipid soluble, and trapped (unable to diffuse back into the blood). The amount of radiolabeled HIPDm extracted into the brain is related to the unionized fraction of HIPDm in the blood, its lipid solubility, the regional cerebral blood flow (rCBF), and the presence of back-diffusion or efflux.
The purpose of our study is to evaluate HIPDm as a marker of rCBF under pathologic conditions, including altered blood pH and disruption of the BBB. We used iodoantipyrine (IAP) for comparison since it is an inert, freely diffusible compound with an established role in quantifying rCBF. Since the exact mechanism by which HIPDm accumulates in the brain is unknown, it is important to define the pathologic conditions that may affect its uptake.
Materials and Methods
The iodine-125 radioisotope was purchased from New England Nuclear Corp., Boston, Massachusetts. The HIPDm preparation kit was graciously made available by Dr. H. Kung The iodine-125 sample activity was measured using a Packard Instruments Co., Inc. Model 5120 automated gamma counter (Downers Grove, Illinois). To account for the variable geometry of the samples, the absolute sample activity in nanocuries (nCi) was calculated using the single counting rate (SCR) and the coincidence counting rate (CCR) in the formula SCR was measured using a 15-40 keV (28 keV) window and CCR was measured using a 40-80 keV (56 keV) window.
The original exposure time (TE O ) of the autoradiographs was corrected (TE C ) for isotope decay during the exposure period as
where A = -In 2/T 1/2 and T 1/2 is the half-life of iodine-125, 1444.8 hours.
Four or five Sprague-Dawley rats weighing 200-250 g were studied in each group. The rats were provided free access to food and water until 12 hours before the experiment. The rats were anesthetized with intraperitoneal ketamine before placement of polyethylene (PE) catheters into both femoral arteries and one femoral vein. Following surgical preparation, the rats were immobilized in loosefitting plaster casts, allowed to recover from anesthesia, and anticoagulated with intravenous heparin sodium. Arterial blood pH, Pao 2 , Paco 2 , hematocrit, arterial blood pressure, and body temperature were monitored. Rats were excluded if any parameter varied beyond the normal range.
The rats with altered pH were prepared as above, with the addition of a tracheotomy. When these rats had recovered from anesthesia, neuromuscular blockade was obtained with 1.0 mg i.v. succinylcholine chloride, and ventilation was supported using a Harvard Apparatus rodent respirator (South Natick, Massachusetts). The respirator settings were adjusted (based on arterial blood gas determinations) to produce either respiratory acidosis (pH of <7.30) or alkalosis (pH of >7.50). rCBF was determined after 30 minutes on stable respiratory settings.
BBB disruption was achieved in eight rats by an intracarotid infusion of mannitol. Femoral catheters were placed as described. The right carotid artery was exposed, and the occipital and pterygopalatine branches were ligated. A PE-50 catheter was placed into the external carotid artery (ECA) in a retrograde fashion so that its tip lay adjacent to the carotid bifurcation. Neuromuscular blockade and ventilator support were used to eliminate respiratory irregularities associated with intracarotid infusion of a hyperosmolar fluid. Using a Harvard Apparatus infusion pump, 3.6 ml of 25% mannitol was infused over 30 seconds into the ECA catheter; the proximal common carotid artery was clamped with a spring-loaded clip during infusion. Systemic blood pressure was allowed to return to the preinfusion level. Each rat was given 0.75 ml i.v. 2% TB, and rCBF was determined. BBB disruption was qualitatively estimated according to the extent and amount of TB extravasation into the brain. 10 We determined HIPDm rCBF using autoradiography, the rats having received approximately 500 /xCi of radiolabeled HIPDm rapidly injected into the femoral vein catheter. Arterial blood samples were collected from a short PE catheter and centrifuged (Model 235B microcentrifuge, Fisher Diagnostics, Orangeburg, New York), and 50 /u. 1 plasma was used to quantify the iodine-125 activity. The rats were decapitated 3 minutes after the radiotracer injection; the brains were rapidly removed, frozen with liquid nitrogen, and stored at -70° C. Sections 16 /tun thick (Model WRC cryostat, Harris Manufacturing Co., North Billerica, Massachusetts) were placed on 3 x 1 in. slides. HIPDm rCBF was quantified using the indicator fractionation equation
where rCBF is the blood flow in milliliters per 100 grams of tissue per minute, Ci(T) is the brain specific activity in nanocuries per 100 grams of tissue at time T, and Ca(t) is the arterial plasma specific activity in nanocuries per milliliter; E, the unidirectional first-pass extraction fraction of HIPDm, was assumed to be 0. 
where Ci(T) and Ca(t) are as defined for Equation 3; A, the tissue-blood partition coefficient, was assumed to be 0.8; m, the constant defining the IAP diffusion equilibrium across the brain's capillary bed, was assumed to be 1.0; and K is a rate constant that incorporates rCBF.
directly on Kodak XAR-5 film (Rochester, New York). The autoradiographic images were digitized using a Perkin-Elmer Corp. PDS 1010 M microdensitometer system (Eden Prairie, Minnesota) with a 50-ptm 2 aperture. Image analysis and calculations were performed using a Digital Equipment Corp. VAX 11/780 (Marlboro, Massachusetts) with a Ramtek display system. The autoradiograph pixel density was converted to specific activity using the linear portion of the curve defined by the iodine-125 standards. rCBF was determined (using the indicator fractionation method for HIPDm [Equation 3 ] and the diffusible indicator method for IAP [Equation 4 ] for each pixel based on its specific activity and the appropriate arterial input function) as the mean of the individual pixel values in the region of interest (ROI).
Results Table 1 shows the baseline physiologic parameters for each group. The results of the rCBF determinations from 23 ROIs are presented in Table 2 .
HIPDm and IAP rCBF determinations in the control rats are compared in Figure 1 . In controls, HIPDm rCBF is uniformly less than the corresponding IAP rCBF, with a mean difference of 26%. Linear regression analysis of IAP rCBF vs. HIPDm rCBF gave a slope (m) of 0.94 with a correlation coefficient (r) of 0.89. rCBF determined by the two methods showed the greatest disparity in the subcortical (e.g., basal ganglia) and infratentorial regions. When considered separately, the basal ganglia and infratentorial regions showed a mean HIPDm rCBF of 36% less than IAP rCBF. Linear regression analysis of the basal ganglia and infratentional regions gave a m of 0.8 with a r of 0.89. The supratentorial regions showed a mean HIPDm rCBF of 18% less than IAP rCBF, and linear regression of these regions gave a mof 1.0 with a r of 0.88.
The acidosis produced by hypoventilation was mild so as to maintain an acceptable Pao 2 and was a mixed respiratory and metabolic acidosis; the alkalosis associated with hyperventilation was a pure respiratory alkalosis. Mean±SD IAP rCBF determinations in the acidotic and alkalotic groups are presented in Table 2 , and individual values are graphically compared with control values in Figures  2 and 3 . The mixed acidosis increased IAP rCBF compared with control most notably in the supratentorial ROIs; the mean increase in IAP rCBF of these regions, including the subcortical gray structures, was 37% (Figure 2) . The infratentorial regions, including the cerebellar hemispheres, vermis, cerebellar white matter, and quadrigeminal plate, did not show increased rCBF with acidosis. The rats with respiratory alkalosis showed uniformly decreased IAP rCBF compared with control above and below the tentorium; the mean decrease in the IAP rCBF of all regions was 34% (Figure 3) .
Mean±SD HIPDm rCBF in the acidotic and alkalotic groups are presented in Table 2 . Individual values from rats with mixed acidosis showed a uniform increase in HIPDm rCBF ( Figure 4) ; the mean increase in rCBF for all regions was 100%. Individual HIPDm rCBF values of rats with respiratory alkalosis did not show a marked change from control, with a mean change of 1% ( Figure 5 ).
Intracarotid infusion of mannitol produced a stereotypical pattern of increased systemic blood pres- Data except number are mean±SD. HIPDm, N,^AT-trimethyl-Ar-(2-hydroxy-3-methyl-5-iodobenzyl)-l,3-propanediamine; IAP, iodoantipyrine. Data are mean ± SD ml/100 g brain/min. Individual data graphically depicted in scatterplots (Figures 1-5) . HIPDm, N,N,N' = trimethyl7v'-(2-hydroxy-3-methyl-5-iodobenzyl)-l,3-propanediamine; IAP, iodoantipyrine.
sure followed by a bradycardia with hypotension, and then a return to baseline. 1016 No correlation was seen between the degree of blood pressure fluctuation and the extent of BBB disruption. This technique resulted in variable degrees of BBB disruption as denned by TB extravasation. The HIPDm group comprised three rats with light, local, ipsilateral BBB disruption and one rat with extensive, bilateral BBB disruption. The IAP group comprised two rats with extensive, bilateral BBB disruption, one rat with extensive ipsilateral BBB disruption, and one rat with a lesser degree of local ipsilateral BBB disruption.
The variability between rats limits comparison between the HIPDm and IAP methods of quantifying rCBF (Table 2 ). Both methods show hypoperfusion to regions of BBB disruption as denned by TB. IAP rCBF was more extensively decreased and involved both hemispheres, as did the BBB disruption in that group.
Discussion
The purpose of our study is to evaluate the use of HIPDm as a marker for rCBF under abnormal conditions. In control rats, the indicator fractionation method used to quantify HIPDm rCBF underestimated rCBF compared with IAP, supporting the findings of Lucignani et al 7 that rapid HIPDm metabolism, incomplete blood-brain extraction, and brain-to-blood efflux account for significant inaccuracy in the indicator fractionation method. Our observation (Figure 1 ) that the subcortical and infratentorial regions show the greatest disparity in control rCBF values may reflect the higher efflux of HIPDm in these regions.
Alterations of rCBF associated with acidosis, alkalosis, and changes in Paco 2 have been well established. 17 - 21 The reactivity of the vasculature within the brain to Paco 2 appears to be mediated by changes in the pH,. around the arterioles, and changes in the larger extraparenchymal vasculature have been postulated to be the result of neurogenic control mediated in the brainstem. 22 Our findings demonstrated that IAP rCBF showed the expected increase in response to hypercapnia and the expected decrease in response to hypocapnia; HIPDm rCBF also showed a uniform rise in response to hypercapnia. An unexpected finding was the lack of change in HIPDm rCBF associated with hypocapnia.
Several explanations could account for the lack of change in HIPDm rCBF during hypocapnia. Any tion has been described with the behavior of tertiary amine anesthetics and the perineurial barrier. 23 -26 The anesthetic effect of tertiary amines depends directly on the diffusion of the unionized species across the perineurium, where the ionized molecules combine with receptor sites for their effect. As predicted by the pH partition hypothesis, the effectiveness of tertiary amines as local anesthetics is increased if the pH surrounding the nerve is raised. rCBF determinations using both IAP and HIPDm were decreased in regions of BBB disruption caused by mannitol infusion, findings corroborated by Pappius et al 27 and our previous qualitative work. 10 It should be noted that the determination of rCBF to regions with disrupted BBBs poses a unique situation for agents such as HIPDm. In the absence of a barrier (e.g., BBB or perineurium), amine uptake is related to its ionized concentration. This is exemplified by the finding that raising the extraneural pH with an altered perineurial barrier will decrease the potency of tertiary amine anesthetics.
2628 Doublelabel studies would be necessary to determine whether the decreased HIPDm uptake in regions of barrier disruption reflects rCBF or limited diffusion of ionized HIPDm.
If HIPDm kinetics adhere to the pH partition hypothesis, the ability of this agent to quantify rCBF in pathologic conditions will be directly affected by changes in capillary pH, pH e , and pH,. Those types of compartmental pH changes are well documented in association with pathologic states. 2930 For example, seizure activity in animal models has been related to a decrease in both pH e and pH i; with slow pH e normalization and a more rapid pH ; normalization followed by an alkalosis. 31 In stroke patients, positron emission tomography studies have exhibited an alkaline shift in pH, 10-19 days after large hemispheric infarcts. 32 This contrasts with the regional acidosis seen in the setting of an acute stroke using a cat model. 33 Finally, an abnormal blood-tumor barrier in animals (RG-2 glioma) and humans (anaplastic gliomas) results in an alkalotic pH e , presumably due to the plasma-like extracellular water content. 3435 In summary, our findings indicate that the indicator fractionation technique for modeling HIPDm rCBF is inaccurate and underestimates blood flow, notably to the basal ganglia and infratentorial regions. Our finding that HIPDm rCBF did not decrease in the setting of respiratory alkalosis raises concern that factors other than cerebral blood flow have significant effects on HIPDm accumulation. SPECT studies using radiolabeled HIPDm to quantify rCBF in pathologic conditions must take into account potential changes in HIPDm kinetics due to compartmental pH dynamics and membrane stability.
